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METHOD AND APPARATUS FOR MINIMIZING POST-INFARCT 
VENTRICULAR REMODELING 

Field of the Invention 
This invention pertains to cardiac rhythm management devices such as 
pacemakers and other implantable devices. 

Background 

A myocardial infarction is the irreversible damage done to a segment of heart 
muscle by ischemia, where the myocardium is deprived of adequate oxygen and 
metabolite removal due to an interruption in blood supply. It is usually due to a sudden 
thrombotic occlusion of a coronary artery, commonly called a heart attack. If the 
coronary artery becomes completely occluded and there is poor collateral blood flow to 
the affected area, a transmural or full-wall thickness infarct can result in which much of 
the contractile function of the area is lost. Over a period of one to two months, the 
necrotic tissue heals, leaving a scar. The most extreme example of this is a ventricular 
aneurysm where all of the muscle fibers in the area are destroyed and replaced by 
fibrous scar tissue. 

Even if the ventricular dysfunction as a result of the infarct is not immediately 
life-threatening, a common sequela of a transmural myocardial infarction in the left 
ventricle is heart failure brought about by ventricular remodeling. Heart failure refers to 
a condition where cardiac output falls below a level adequate to meet the metabolic 
needs of the body which, if uncompensated, leads to rapid death. One physiological 
compensatory mechanism that acts to increase cardiac output is the increased diastolic 
filling pressure of the ventricles as an increased volume of blood is left in the lungs and 
venous system. This increases the preload, which is the degree to which the ventricles 
are stretched by the volume of blood in the ventricles at the end of diastole. An increase 
in preload causes an increase in stroke volume during systole, a phenomena known as 
the Frank-Starling principle. 
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Left ventricular remodeling is a physiological process in response to the 
hemodynamic effects of the infarct that causes changes in the shape and size of the left 
ventricle. Remodeling is initiated in response to a redistribution of cardiac stress and 
strain caused by the impairment of contractile function in the infarcted area as well as in 
nearby and/or interspersed viable myocardial tissue with lessened contractility due to 
the infarct. Fig. 1 illustrates three stages of the remodeling process following a 
transmural infarction in the apical region of the left ventricle. Stage A is the acute phase 
which lasts only for a few hours. The infarcted area labeled INF at this stage includes 
tissue undergoing ischemic necrosis and is surrounded by normal myocardium labeled 
NML. Until scar tissue forms, the infarcted area is particularly vulnerable to the 
distending forces within the ventricle and undergoes expansion over a period of hours to 
days as shown at stage B. Over the next few days and months after scar tissue has 
formed, global remodeling and chamber enlargement occur as shown at stage C due to 
complex alterations in the architecture of the left ventricle involving both infarcted and 
non-infarcted areas. Remodeling is thought to be the result of a complex interplay of 
hemodynamic, neural, and hormonal factors. 

The ventricular dilation resulting from the increased preload causes increased 
ventricular wall stress at a given systolic pressure in accordance with Laplace's law. 
Along with the increased pressure-volume work done by the ventricle, this acts as a 
stimulus for compensatory hypertrophy of the ventricular myocardium. Hypertrophy 
can increase systolic pressures but, if the hypertrophy is not sufficient to meet the 
increased wall stress, further and progressive dilation results. This non-compensatory 
dilation causes wall thinning and further impairment in left ventricular function. It also 
has been shown that the sustained stresses causing hypertrophy may induce apoptosis 
(i.e., programmed cell death) of cardiac muscle cells. Thus, although ventricular dilation 
and hypertrophy may at first be compensatory and increase cardiac output, the process 
ultimately results in further deterioration and dysfunction. It has been found that the 
extent of left ventricular remodeling in the late period after an infarction, as represented 
by measurements of end-systolic and end-diastolic left ventricular volumes, is an even 
more powerful predictor of subsequent mortality than the extent of coronary artery 
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disease. Preventing or minimizing such post-infarct remodeling is the primary concern 
of the present invention. 



Summary 

5 The present invention relates to a method and apparatus for minimizing the 

ventricular remodeling that normally occurs after a myocardial infarction using pacing 
therapy. The part of the myocardium that is most vulnerable to the post-infarct 
remodeling process is the infarct region, which is an area that includes sites in and 
around the infarct where the myocardial fibers are still intact but contractile function is 
10 impaired. The infarct region is thus the area most likely to undergo the progressive non- 
jrf, compensatory dilation described above with wall thinning and further impairment of 

2; function. By pacing sites in proximity to the infarct with appropriately timed pacing 

pulses, the infarct region is pre-excited in a manner that lessens the mechanical stress to 
which it is subjected, thus reducing the stimulus for remodeling. Decreasing the wall 
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15 stress of the infarct region also lessens the probability of an arrhythmia arising from the 
region. Another advantage obtained with resynchronizing the ventricular contraction by 
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pre-exciting a weakened infarct region is a hemodynamically more efficient contraction. 



p Brief Description of the Drawings 

20 Fig. 1 illustrates the stages of remodeling after a myocardial infarction. 

Fig. 2 illustrates a pacemaker and an exemplary pacing configuration. 
Fig. 3 illustrates a multi-site electrode arrangement. 

Figs. 4A through 4C illustrate examples of patch electrodes for multi-site 

pacing. 

25 Fig. 5 is a block diagram of an exemplary cardiac rhythm management device 

for delivering pre-excitation pacing. 

Detailed Description 
When a transmural myocardial infarction in the left ventricle occurs, the affected 
30 area suffers a loss of contractile fibers that depends upon the degree of collateral 
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circulation to the area. For example, the infarction may either leave a non-contractile 
scar or leave some viable myocardium interspersed with scar tissue, with the myocardial 
fibers that surround the infarcted area suffering a variable amount of destruction. In any 
case, regions in and around the infarct suffer impaired contractility, and it is this 
5 impairment that is responsible for the ventricular dysfunction that initiates the 
remodeling process as described above. Whether the infarction results in a non- 
contractile scar or a fibrous region with diminished contractility, the viable myocardium 
in proximity to the infarct are the regions of the ventricle that are least able to respond 
to the increased stresses brought about by ventricular dysfunction in a physiologically 
10 appropriate manner. These regions are thus the parts of the ventricle that are most 
. , vulnerable to the post-infarct remodeling process. If a way could be found to subject 

Q the regions in proximity the infarct to lessened mechanical stress without unduly 

q compromising ventricular systolic function, the undesirable remodeling of the region 

m . . . 

^ could be prevented or minimized. 

09 15 The degree to which a heart muscle fiber is stretched before it contracts is 

eft ^ 

* termed the preload, while the degree of tension or stress on a heart muscle fiber as it 

mi contracts is termed the afterload. The maximum tension and velocity of shortening of a 

S3 muscle fiber increases with increasing preload, and the increase in contractile response 

Q of the heart with increasing preload is known as the Frank-Starling principle. When a 

20 myocardial region contracts late relative to other regions, the contraction of those other 
regions stretches the later contracting region and increases its preloading, thus causing 
an increase in the contractile force generated by the region. Conversely, a myocardial 
region that contracts earlier relative to other regions experiences decreased preloading 
and generates less contractile force. Because pressure within the ventricles rises rapidly 
25 from a diastolic to a systolic value as blood is pumped out into the aorta and pulmonary 
arteries, the parts of the ventricles that contract earlier during systole do so against a 
lower afterload than do parts of the ventricles contracting later. Thus, if a ventricular 
region can be made to contract earlier than parts of the ventricle, it will be subjected to 
both a decreased preload and afterload which decreases the mechanical stress 
30 experienced by the region relative to other regions. The region will also do less work 
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thus lessening its metabolic demands and the degree of any ischemia that may be 
present. 

In accordance with the present invention, electrostimulatory pacing pulses are 
delivered to one or more sites in or around the infarct in a manner that pre-excites those 

5 sites relative to the rest of the ventricle. (As the term is used herein, a pacing pulse is 
any electrical stimulation of the heart of sufficient energy to initiate a propagating 
depolarization, whether or not intended to enforce a particular heart rate.) In a normal 
heartbeat, the specialized His-Purkinje conduction network of the heart rapidly conducts 
excitatory impulses from the sino-atrial node to the atrio-ventricular node, and thence to 

10 the ventricular myocardium to result in a coordinated contraction of both ventricles. 
Artificial pacing with an electrode fixed into an area of the myocardium does not take 
advantage of the heart's normal specialized conduction system for conducting excitation 
throughout the ventricles because the specialized conduction system can only be entered 
by impulses emanating from the atrio-ventricular node. Thus the spread of excitation 

15 from a ventricular pacing site must proceed only via the much slower conducting 
ventricular muscle fibers, resulting in the part of the ventricular myocardium stimulated 
by the pacing electrode contracting well before parts of the ventricle located more 
distally to the electrode. This pre-excitation of a paced site relative to other sites can be 
used to deliberately change the distribution of wall stress experienced by the ventricle 

20 during the cardiac pumping cycle. Pre-excitation of the infarct region relative to other 
regions unloads the infarct region from mechanical stress by decreasing its afterload and 
preload, thus preventing or minimizing the remodeling that would otherwise occur. In 
addition, because the contractility of the infarct region is impaired, pre-excitation of the 
region results in a resynchronized ventricular contraction that is hemodynamically more 

25 effective. This is beneficial in reducing the stimulus for remodeling and reducing the 
incidence of angina due to coronary insufficiency. Decreasing the wall stress of the 
infarct region also lessens its oxygen requirements and lessens the probability of an 
arrhythmia arising in the region. 

Pacing therapy to unload the infarct region may be implemented by pacing the 

30 ventricles at a single site in proximity to the infarct region or by pacing at multiple 
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ventricular sites in such proximity. In the latter case, the pacing pulses may be 
delivered to the multiple sites simultaneously or in a defined pulse output sequence. As 
described below, the single-site or multiple site pacing may be performed in accordance 
with a bradycardia pacing algorithm such as an inhibited demand mode or a triggered 
mode. 

In order to pre-excite the infarct region, one or more pacing electrodes must be 
placed in proximity to the region. The area of the infarct can be identified by a number 
of means, including ultrasonic imaging, PET scans, thallium scans, and MRI perfusion 
scans. In the case of a left ventricular infarct, epicardial leads can either be placed 
directly on the epicardium with a thoracotomy (an open chest surgical operation) or a 
thorascopic procedure, or leads can be threaded from the upper venous system into a 
cardiac vein via the coronary sinus. (See, e.g., U.S. Patent No. 5,935,160 issued to 
Auricchio et aL, and assigned to Cardiac Pacemakers, Inc., which is hereby incorporated 
by reference.) Fig. 2 is an exemplary depiction of two such leads LI and L2 that are 
passed from a pacemaker PM through cardiac veins in the epicardium of the left 
ventricle so that the pacing electrodes El and E2 are disposed adjacent to the infarct 
region INF. In the case of lead placement by a thoracotomy or thorascopic procedure, it 
is possible to dispose the electrodes in a manner that more precisely circumscribes or 
overlies the infarct region. Fig. 3 shows an example of multiple electrodes El through 
E4 placed around the infarct region INF, where the electrodes may either be connected 
to the pacemaker by a single lead or separate leads for each electrode. Fig. 4A shows 
another example of an electrode arrangement where the multiple electrodes El through 
E7 are incorporated into a patch PI so as to surround or overlay the infarct region INF. 
Fig. 4B shows another example of a patch P2 in which the electrode is a single 
continuous conductor CI that is designed to surround the infarct region. Fig. 4C shows 
an exemplary construction of the conductor CI where areas on the outer surface of the 
conductor are intermittently coated with an insulating material IM so as to increase the 
current density at the uncoated regions when the conductor is energized. Such a higher 
current density may be necessary in some cases to excite a myocardial region which has 
been rendered less excitable by ischemia. 
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A block diagram of an exemplary pacemaker for delivering pre-excitation 
pacing therapy to a site or sites in proximity to an infarct as described above is 
illustrated in Fig. 5. Pacemakers are usually implanted subcutaneously on the patient's 
chest, and are connected to sensing/pacing electrodes by leads either threaded through 
5 the vessels of the upper venous system to the heart or by leads that penetrate the chest 
wall. (As the term is used herein, a "pacemaker" should be taken to mean any cardiac 
rhythm management device with a pacing functionality regardless of any other 
functions it may perform.) The controller of the pacemaker is made up of a 
microprocessor 10 communicating with a memory 12 via a bidirectional data bus, where 
10 the memory 12 typically comprises a ROM (read-only memory) for program storage 
and a RAM (random-access memory) for data storage. The controller could be 
h implemented by other types of logic circuitry (e.g., discrete components or 

if programmable logic arrays) using a state machine type of design, but a microprocessor- 

|H based system is preferable. The controller is capable of operating the pacemaker in a 

£3 15 number of programmed modes where a programmed mode defines how pacing pulses 

JS 

: are output in response to sensed events and expiration of time intervals. A telemetry 

interface 80 is also provided for communicating with an external programmer. 

ill 

The device illustrated in Fig. 5 has multiple sensing and pacing channels and is 
therefore capable of delivering single-site or multiple site ventricular pacing. The 
20 multiple sensing and pacing channels may be configured as either atrial or ventricular 
channels allowing the device to deliver such pacing with or without atrial tracking. 
Shown in Fig. 5 is a configuration with one atrial sensing/pacing channel and three 
ventricular sensing/pacing channels. The atrial sensing/pacing channel comprises ring 
electrode 53a, tip electrode 53b, sense amplifier 51, pulse generator 52, and an atrial 
25 channel interface 50 which communicates bidirectionally with a port of microprocessor 
10. The three ventricular sensing/pacing channels that include ring electrodes 23a, 33a, 
and 43a, tip electrodes 23b, 33b, and 43b, sense amplifiers 21, 31, and 41, pulse 
generators 22, 32, and 42, and ventricular channel interfaces 20, 30, and 40. A pacing 
channel is made up of the pulse generator connected to the electrode while a sensing 
30 channel is made up of the sense amplifier connected to the electrode. The channel 
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interfaces include analog-to-digital converters for digitizing sensing signal inputs from 
the sensing amplifiers, registers that can be written to for adjusting the gain and 
threshold values of the sensing amplifiers, and registers for controlling the output of 
pacing pulses and/or changing the pacing pulse amplitude. In certain patients, pacing of 
5 sites in proximity to an infarct or within ischemic regions may be less excitable than 
normal and require an increased pacing energy in order to achieve capture (i.e., 
initiating of a propagating action potential). For each channel, the same electrode pair 
can be used for both sensing and pacing. In this embodiment, bipolar leads that include 
two electrodes are used for outputting a pacing pulse and/or sensing intrinsic activity. 
10 Other embodiments may employ a single electrode for sensing and pacing in each 
y, channel, known as a unipolar lead. A MOS switching network 70 controlled by the 

microprocessor is used to switch the electrodes from the input of a sense amplifier to the 
output of a pulse generator. 

The controller 10 controls the overall operation of the device in accordance with 



m 

15 programmed instructions stored in memory. The controller 10 interprets electrogram 
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signals from the sensing channels and controls the delivery of paces in accordance with 



Si a pacing mode. The sensing circuitry of the pacemaker generates atrial and ventricular 



electrogram signals from the voltages sensed by the electrodes of a particular channel. 
When an electrogram signal in an atrial or sensing channel exceeds a specified 

20 threshold, the controller detects an atrial or ventricular sense, respectively, which pacing 
algorithms may employ to trigger or inhibit pacing. 

Pre-excitation pacing of one or more ventricular sites in proximity to an infarct 
may be delivered with a bradycardia pacing mode, which refers to a pacing algorithm 
that enforces a certain minimum heart rate. Pacemakers can enforce a minimum heart 

25 rate either asynchronously or synchronously. In asynchronous pacing, the heart is paced 
at a fixed rate irrespective of intrinsic cardiac activity. Because of the risk of inducing 
an arrhythmia with asynchronous pacing, most pacemakers for treating bradycardia are 
programmed to operate synchronously in a so-called demand mode where sensed 
cardiac events occurring within a defined interval either trigger or inhibit a pacing pulse. 

30 Inhibited demand pacing modes utilize escape intervals to control pacing in accordance 
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with sensed intrinsic activity. In an inhibited demand ventricular pacing mode, the 
ventricle is paced during a cardiac cycle only after expiration of a defined escape 
interval during which no intrinsic beat by the chamber is detected. For example, a 
ventricular escape interval can be defined between ventricular events so as to be 
restarted with each ventricular sense or pace. The inverse of this escape interval is the 
minimum rate at which the pacemaker will allow the ventricles to beat, sometimes 
referred to as the lower rate limit (LRL). In an atrial tracking pacing mode, another 
ventricular escape interval is defined between atrial and ventricular events, referred to as 
the atrio-ventricular interval (AVI). The atrio-ventricular interval is triggered by an 
atrial sense and stopped by a ventricular sense or pace. A ventricular pace is delivered 
upon expiration of the atrio-ventricular interval if no ventricular sense occurs before the 
expiration. Because it is only paced beats that pre-excite the infarct region, it may be 
desirable in certain patients to decrease the AVI to be below the intrinsic PR interval 
(i.e., the normal time for an intrinsic ventricular beat to occur after an atrial sense) or 
increase the LRL to be slightly above the patient's normal resting heart rate. 

In the case where the pre-excitation pacing of the ventricle is delivered at 
multiple sites, the sites may be paced simultaneously or in accordance with a particular 
pulse output sequence that specifies the order in which the sites are to be paced during a 
single beat. As aforesaid, one of the benefits of pre-excitation pacing of the infarct 
region is ^synchronization of the contraction that results in hemodynamic 
improvement. In some patients, such resynchronization may be more successful if 
multiple ventricular sites are paced in a specified sequence such that certain of the 
pacing sites are pre-excited earlier than others during a single beat. 

It was noted above that another benefit of pre-exciting ventricular tissue during 
systole is a reduction in its oxygen requirements, thus preventing or alleviating ischemia 
in the infarct region. Pre-excitation pacing as described above may also be employed to 
unload ischemic regions in either the atria or ventricles that are not associated with an 
infarct, which may act to prevent the development of angina in the patient or a 
subsequent infarct. Ischemic regions, whether or not associated with an infarct, can be 
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identified with an angiogram, thallium scan or an MRI perfusion scan, and sites within 
ischemic regions so identified can be selected as pacing sites. 

In a further refinement, pre-excitation pacing therapy may be started, stopped, or 
modified based upon sensor measurements. For example, the pacemaker could measure 
the impedance between pairs of electrodes to detect wall motion or changes in wall 
thickness during the cardiac cycle. Separate pairs of electrodes can be used to produce 
impedance signals from both a paced region and a non-ischemic region, such as the 
right ventricle if the paced and ischemic region is in the left ventricle. Ischemia in the 
paced region can then be monitored by comparing the timing of the contraction in the 
paced region with the timing of the non-ischemic region. If the contractions in the 
paced region is delayed or significantly prolonged, an increase in ischemia can be 
surmised, and pre-excitation pacing to the area can either be started or increased. 
Conversely, if a decrease in ischemia is detected, pre-excitation pacing may either be 
stopped or reduced. Modifications to the pacing therapy can also be made in 
accordance with detected changes in the wall thickness of the paced region. In another 
embodiment, an accelerometer or microphone on the pacing lead or in the device 
package may be used to sense the acoustic energy generated by the heart during a 
cardiac cycle. Changes in the amplitude or morphology of the acoustic energy signal 
may then be used to infer changes in the wall motion and the efficiency of contraction 
and relaxation. The applied pre-excitation pacing therapy can then be modified based 
upon this information. (See U.S. Patent No. 6,058,329, hereby incorporated by 
reference.) 

A device for delivering pre-excitation pacing therapy as described above may 
also have other functionality that can be of benefit to patients with ischemic heart 
disease, such as cardioversion/defibrillation. Drug delivery capability incorporated into 
the device may also be useful. Fig. 5 shows a drug delivery system interfaced to the 
microprocessor which may take various forms. For example, to improve the efficacy of 
the pre-excitation therapy in preventing or minimizing remodeling, it may be desirable 
to simultaneously treat the patient with ACE (angiotensin converting enzyme) inhibitors 
or beta-blockers. It may also be useful to deliver biological agents such as growth 
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factors or anti-apoptotic factors directly to the infarct region. Such delivery may be 
implemented by infusing the agent through a lumen in a pacing lead that is disposed 
near the infarct. 

Although the invention has been described in conjunction with the foregoing 
specific embodiments, many alternatives, variations, and modifications will be apparent 
to those of ordinary skill in the art. Other such alternatives, variations, and 
modifications are intended to fall within the scope of the following appended claims. 
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